Interlayer tunneling spectra, the Josephson critical current density J c , and the normal tunneling resistance have been measured simultaneously for intrinsic Josephson junctions in Bi 2 Sr 2 CaCu 2 O 8+δ over a wide range of doping using a small mesa structure and a short-pulse technique. It is found that J c decreases by nearly two orders of magnitude in the underdoped region. Experimental J c is found to show a significant deviation from the theoretical estimates. In order to interpret the result, we propose a model in which the superconducting order parameter is inhomogeneous in k space rather than in real space. Based on this model, quasiparticle current-voltage characteristics are calculated, giving a qualitative agreement with the experiment.
I. INTRODUCTION
Although a rich array of experiments has characterized the behavior of high-T c superconductors (HTSCs), a congruent understanding of high-T c superconductivity which explains these behaviors has yet to be gained. 1 Recent observation of the quantum oscillation at low temperatures indicates the existence of small electron pockets in the underdoped region, 2, 3 while it is also known that holes reside in the Fermi arcs as observed by angle-resolved photoemission spectroscopy (ARPES). 4 As for the pseudogap phenomena, 5 on the other hand, the issue is still unsettled as to whether the pseudogap originates from preformed bosons or from a hidden ordered state. Compared with experiments on the normal-state properties, those on the superconducting properties, and particularly on the superfluid density, are less numerous. It is likely that the superconducting order parameter in HTSCs has the d-wave symmetry. 6 As for the superfluid density, it appears that little understanding has been gained since the report of Uemura et al., 7, 8 in which the superfluid density increases nearly proportionally to T c in the underdoped region in HTSCs. This result was, however, deduced based on the averaged distribution of the local magnetic field probed by the muon spin relaxation (μSR) measurement. Therefore, a more direct and sensitive measurement is desired to probe the superfluid density to further understand high-T c superconductivity. The intrinsic Josephson junction (IJJ) tunneling spectroscopy, as described below, provides a means for such a purpose.
As the Ambegaokar-Baratoff (AB) theory 9 describes, the Josephson critical current density J c reflects the magnitude of the superconducting order parameter (or the superconducting energy gap SG ). Then, simultaneous evaluation of J c , , and the normal-state tunneling resistance R N by tunneling spectroscopy can provide a deeper insight into the superfluid density in HTSC. In conventional tunnel Josephson junctions, the interface layers generally tend to degrade. When they are used in tunneling spectroscopy, spectroscopic results reflect the mostly deteriorated interfacial layer rather than the bulk. If we use IJJs, 10, 11 however, this is not the case. This is because IJJs are the crystal structure itself and the junction interfaces are clean and flat on an atomic scale, giving rise to ideal tunneling characteristics. The most important point in using IJJs is the fact that the characteristics reflect the bulk properties, since every bit of such a crystal is the IJJ itself. For these reasons, the method using the IJJs is advantageous for the research into the superfluid density through tunneling spectroscopy.
We measured J c and tunneling spectra almost simultaneously for the IJJs in Bi 2 Sr 2 CaCu 2 O 8+δ (Bi-2212) over a wide range of doping using a very small mesa structure. We found that the coherence peak in the tunneling spectra changes systematically and drastically with doping. Furthermore, we also found that J c decreases almost exponentially with decreasing doping. These behaviors, which have not been observed in conventional superconductors, are thought to reflect that the superfluid density decreases drastically in the underdoped region. These changes with doping are strongly correlated with the evolution of the pseudogap in this system. In order to interpret the experimental results, we propose a model of an anisotropic superconducting order parameter. We argue that the superconductivity is inhomogeneous in the wave-vector space (k space) rather than in real space.
II. EXPERIMENTS

A. Sample fabrication
Samples used in the experiments are small and thin mesa structures consisting of a small number of IJJs in Bi-2212 with various doping levels. The mesa structures were fabricated on a cleaved surface of a Bi-2212 single crystal grown by the traveling-solvent-floating-zone method. 12 First, a 25-nm-thick Ag film was evaporated on a fresh cleaved surface of a crystal. Then, a 50 nm Au film was evaporated. After the evaporation, the crystals were annealed in an infrared image furnace under the conditions described below in an Ar or oxygen atmosphere in order both to improve the contact resistance and to control the doping level at the same time. By adopting the Au/Ag double layer, the contact resistance was reduced significantly after the annealing, while the film surface was kept smooth. The mesa structure was fabricated by standard photolithography and the Ar ion milling technique. After the milling process, a 350-nm-thick SiO film was evaporated and the insulating layer was made by the self-align method. Finally, a 450-nm-thick Au film was evaporated and the upper electrode wiring was fabricated by the lift-off method.
The mesa dimensions were 5 to 10 μm on a square side with thicknesses of 7 to 15 nm, which correspond to the IJJ numbers N of 5 ∼ 10. The mesas have electrodes of a three-terminal configuration as illustrated schematically in the inset to Fig. 1(b) . The Au/Ag electrode on top of the mesa has a contact resistivity ρ cont (the resistance-area product) of the order of 10 −6 cm 2 . The low contact resistivities were attained by rapid thermal annealing, in which samples were heated to 400∼430
• C at 150 • C/min, then heated to 490∼500
• C in 10 s and held for 10 s, then cooled to 400∼430
• C in 10 s and held for 10∼30 min and then cooled to room temperature at first at 150
• C/min then by the furnace. Underdoped samples were annealed in an Ar atmosphere, while overdoped samples were annealed in an oxygen atmosphere at atmospheric pressure or a little higher. Values for the carrier doping level p, the average number of holes per Cu atom, were determined using the relationship 13 T c /T Table I .
B. Tunneling measurements
To measure tunneling spectra for IJJs, we employed the short-pulse interlayer tunneling spectroscopy technique, [16] [17] [18] in which the data were acquired at a timing of 60 or 160 ns after the pulse peak voltage was reached. The data acquisition was carried out 50 times at a fixed current and the data acquired were averaged. The measurement was carried out twice; first in positive bias and second in negative bias. Values for the current and voltage were measured at a voltage step of 2 to 3 mV per junction, which varied depending on the bias current magnitude. The measured current vs voltage data were smoothed numerically using the least square method. The resolution is no less than 5 mV. The dI/dV -V curves were obtained by numerically differentiating the I -V curves. Other details of the measurements are described elsewhere. [16] [17] [18] [19] In the quasiparticle tunneling measurements, injection of current causes significant Joule heating (i.e., self-heating), even in the short-pulse measurements. It was shown by numerical estimation that the temperature rise is ∼15 K at an injection current corresponding to the superconducting energy gap for a mesa with a similar dimension at a nearly optimum doping. 20 This temperature rise causes an error of approximately 5 to 10% in the magnitude of the superconducting gap. When the samples were in the underdoped region, the current amplitude needed to cover the necessary voltage range was reduced and the self-heating was much less significant. When the samples were in the overdoped region, however, self-heating was significant and the voltage range of the measurements was rather limited. c vs p at ∼300 K, indicating a systematic increase in σ c with p. T c of the samples, as determined from the midpoint of the resistive transition, ranges from 50 K for sample A to 86 K for sample D, which is nearly optimally doped. In the figure we subtracted for clarity the contact resistances, 21 which are usually less than 10% of the R c (300 K) value, or less than ∼30% of R c (300 K) even in the largest case of underdoped samples. It is clearly seen that the T dependence of ρ c changes systematically from a metallic behavior to a semiconductor behavior as p decreases, indicating the evolution of the pseudogap. This is because the transport in the c axis in the Bi-2212 system is via tunneling and basically depends on the density of states (DOS) at the chemical potential. Table I lists the sample dimensions and values for ρ c (300 K), contact resistivity ρ cont , and other physical properties for typical samples A to F. Figure 2 shows the oscilloscope images of the currentvoltage characteristics (IVC) at about 10 K for samples A to F. The branch structures in the IVC were used to determine the exact number of IJJs N in the mesas. It is clearly seen that the magnitude of J c increases as p increases. The magnitude of J c was determined by averaging the J c values represented by the I -V branches, except for a few branches whose J c is smaller than the others due to the proximity effect caused by the surface Au/Ag electrode. The J c values for these samples are listed in Table I . Figure 3 shows the IVC obtained by the pulse method in an extended V range for samples A to F at various T , representing a systematic change from an almost featureless nonlinear curves for sample A to a large-gap structure for samples D-F. the self-heating was suppressed sufficiently-in the presence of self-heating, the IVCs coalesce into a single line at higher voltages. It is also noted that the linear IVCs in a higher V range nearly extrapolate to the origin, implying that the self-heating is suppressed. Values for the normal tunneling resistance R N are obtained from the slope of the IVC at the highest biases for each sample. R N shows a linear T dependence, probably reflecting the carrier scattering dynamics in the ab plane. 16 The range of the change in R N is small and the R N values are roughly equal to R c at 300 K. 16, 22 The tunneling spectra for samples A to F are shown in Fig. 4 at various temperatures both in the superconducting state and in the normal state. Systematic doping-dependent features are evident in these sets of dI/dV -V curves. First, the most straightforward systematic change is the evolution of the gap structure and the coherence peak at the gap voltage with increasing doping. The sharpness of the superconducting peak for overdoped samples may be partially due to the influence of self-heating, which more or less remains even in the case of small mesa structures and the pulse measurements. In the deeply underdoped sample A, we can see a broad cusp rather than a superconducting peak at the shoulder of the V-shaped background, which barely indicates the existence of superfluid density. From these tunneling spectra, values for 2 SG are obtained as half the separation of the superconducting peaks. The magnitude of 2 SG shows a tendency to decrease from ∼80 meV at p = 0.09 to less than 50 meV at p = 0.20. This is a tendency observed previously by the intrinsic tunneling spectroscopy as well as by scanning tunneling spectroscopy and others. 23 Another systematic change is seen in the background, which is strongly V shaped in the underdoped region even above T c and changes with increasing doping to a hump structure accompanied by a dip. This dip and hump structure tends to disappear in the overdoped region, but their traces can be seen in the present results. All these behaviors of the spectra indicate the evolution of the pseudogap, which develops significantly in the underdoped region and is believed to disappear in the overdoped region. The pseudogap magnitude 2 PG is determined likewise in the case of 2 SG . It was once reported that the tunneling spectra for the Bi-2212 system can be explained in terms of a single gap with an energy-dependent quasiparticle relaxation time 24 or in terms of a single gap with a temperature-dependent quasiparticle relaxation time. 25, 26 However, this is not likely the case in the underdoped region, where the two-gap scenario is likely. [27] [28] [29] Typical values for 2 SG and 2 PG are listed in Table I , which is to be compared with the present experimental results. 9 If there is a discrepancy between the experimental data and the theoretical estimates, it implies to a greater degree that there is a deviation from a homogeneous Josephson junction model. Namely, it implies that the superconducting order parameter is inhomogeneous, because the IJJs reflect the bulk properties. In this regard, one may conjecture a different view, in which imperfections in the barrier layer may cause a deviation from the theory. However, this is unlikely. In the present case, such factors that influence the magnitude of J c are already included in R N . Therefore, the present method provides the value of J theor c that should be equal to the experimental data when is homogeneous, even if the barrier layers contain imperfections. Furthermore, since we have used IJJs in the present study, such imperfections are eliminated to the limit which is supposed for a single crystal. Therefore, a large deviation between the experimental data of J c and the theoretical estimates of J c theor implies that an inhomogeneity exists in the superconducting order parameter as a genuine intrinsic bulk property.
III. RESULTS
The values of experimental J c are plotted in Fig. 5 (a), together with those for 2 SG , as a function of p for various samples including samples A to F. It is clearly seen that J c decreases drastically, almost exponentially with decreasing p by nearly two orders of magnitude. Since J c reflects the magnitude of the superfluid density ρ s , as described below, it is astonishing that ρ s decreases by such a large amount despite that the carrier density decreases only moderately. This is the most important result in the present experiment and its cause is the main subject that we address in the remainder of this section and in the following section.
It was reported that charges in the barrier layer in a Josephson junction or those at the periphery of a Josephson junction cause the depression of J c . [30] [31] [32] [33] Since such charges function to change the nearby potential like band bending, the superconducting order parameter is only locally diminished. Furthermore, the range of the change in the potential is of the order of the Thomas-Fermi screening length, which is less than 1 nm in the case of HTSC. Therefore, we can neglect the area of such influences from the charges at the periphery because the junction lateral size is 5 to 10 μm in the present case. This presents a stark contrast with the case of grain boundary Josephson junctions, where the influence of the charges at the periphery or in the barrier layer is significant. Even if such charges are influential, the effect appears as a change in the magnitude of the superconducting order parameter, and it is incorporated into 2 SG , which is directly measured in the present study. When charges exist in the barrier layer of IJJs, they usually exist in the form of excess oxygen ions in the Bi-O double layers. The excess oxygen ions are thought to provide holes to the CuO 2 double layers. Therefore, it is unlikely that the influence of the charges in the barrier layer in the IJJs causes such a significant decrease in J c , contrary to the case of grain boundary Josephson junctions.
As an initial step, we compare the experimental results with the theoretical estimates J theor c
. As a theoretical model, we employ the Ambegaokar-Baratoff (AB) theory 9 for an s-wave superconductor. In the AB theory, J c at low temperatures is represented by
where S is the area of the Josephson junction. There may be some concern about the appropriateness of using . Most astonishingly, the discrepancy increases to a value of as large as 10 2 near p = 0.09. It should be noticed that this drastic discrepancy between J c and J theor c is not due to the change in the tunneling processes such as tunneling probability because such changes are already included in R N through the estimates of J theor c , as stated earlier. This is the key point in the present experiment, in which J c , R N , and 2 SG are obtained from a single IJJ stack simultaneously to remove unknown influence due to tunneling processes. Clearly, the result shown in Fig. 5(a) implies that a model of a homogeneous superconducting order parameter, or a homogeneous superfluid model, fails to explain the experimental J c . Since the IJJs are almost ideal Josephson junctions reflecting the bulk superconducting order parameter , the present result implies that in the Bi-2212 high-T c superconductor is no longer homogeneous.
In the present experiments, we have found two important doping dependencies. First, a significant evolution of the tunneling spectra has been observed: evolution of the superconducting peak with increasing doping, and evolution of the pseudogap with decreasing doping. Second, we have also found that J c decreases significantly by a factor of two orders of magnitude with decreasing doping level from p = 0.20 to 0.09, suggesting a significant variation in the superfluid density with doping. As will be discussed in the following section, the present experimental results imply that both are closely related to each other through the electronic structure of the Bi-2212 system, and determine the superfluid density and the scale of the pseudogap.
IV. DISCUSSION
A. Inhomogeneous in k space
Generally, the magnitude of J c for a tunnel Josephson junction is reasonably interpreted in terms of the AB theory when and R N are homogeneous. However, the present experimental result shows that the experimental J c is orders of magnitude smaller than the theoretical J theor c . At this point, if we notice that the AB theory is based on the constraint that and R N are homogeneous, it turns out that the present result indicates R N or or both are no longer homogeneous. Only when they are inhomogeneous is the experimental J c explicable. Because experimental R N is used in the theoretical estimates of J theor c , the inhomogeneity must be sought for in . There are two ways in which inhomogeneity modifies . One is inhomogeneity in real space and the other is inhomogeneity in k space. For example, d-wave superconductivity is a kind of inhomogeneity in k space. However, what we need to invoke is a much more inhomogeneous superconducting order parameter in k space.
In order to explain the large discrepancy shown in Fig. 5(a) , we need either of the following inhomogeneous superconducting order parameters; namely, a position-dependent (r) or a wave-vector dependent (k). In both cases the J c s are represented by
or
where S is the area of the IJJ, and S k = (2π/a) 2 is the area of the first Brillouin zone with a being the lattice constant. The former case indicates inhomogeneity in real space, while the latter implies inhomogeneity in k space, which we first consider. The d-wave symmetry of (k) = 0 cos 2θ with θ = tan −1 (k y /k x ) in HTSCs is a case of the latter kind. Evidently, however, the d-wave symmetry alone leads to a decrease in J c by a factor of only 2/π . By no means does this lead to such an almost-extinguishing depression in J c . Therefore, we need to invoke much stronger and drastic inhomogeneity in k space.
In the underdoped region, it was revealed by ARPES that a large Fermi surface is absent and only the Fermi arcs are present in the nodal direction; 4, 25, 29 that is, in the (π,π) direction, implying that most of the itinerant holes have k vectors around the (π,π) direction at low temperatures. On the other hand, the d-wave order parameter has line nodes in the (±π, ±π ) directions in the k space. When this is viewed with the d-wave order parameter superimposed on the k space, it becomes clear that only a very small proportion of itinerant carriers are used to form superfluid in the underdoped region. The relationship between the Fermi arc and the d-wave order parameter is schematically illustrated in Fig. 5(b) . The superfluid density available in this case is drawn by a thick line on the d-wave order parameter, showing that only a small fraction of the superconducting order parameter contributes to the superfluid density. Thus, if the superfluid density in the underdoped region is composed of pairs with a symmetry similar to the d-wave symmetry, it is obvious that the superfluid density becomes rapidly small as the length of the Fermi arc is reduced. When the Fermi arc develops to form a full Fermi surface in the overdoped region, the superfluid density increases significantly, as symbolically represented by the thick lines in Fig. 5(c) . This picture (i.e., the k-space inhomogeneity), thus explains the significant doping dependence of J c and the evolving superfluid density with doping. This model is considered as an extreme case of a superconducting order parameter with the magnitude varying as a function of θ .
In the case of d-wave superconductivity, (k) = 0 cos 2θ . Then, Eq. (3) 
where the integral is carried out in the first Brillouin zone. The last equation is obtained by the approximation in which the boundary of the integration is set at a constant of k = π/a (i.e., the first Brillouin zone boundary in the k x direction). Numerical calculation shows that this approximation leads to an error of 2.42%. The integral of Eq. (4) in the case of the pure d-wave symmetry gives a result for J c , which is a factor of 2/π smaller than the case of pure s-wave symmetry.
In the case of underdoping, due to the presence of the Fermi arcs, the integral range in Eq. (4) It is also noted that the superconducting order parameter is determined by renormalizing the density of quasiparticles and the superfluid density under a self-consistent condition. A k-dependent special distribution of the DOS deriving from the Fermi arcs does not necessarily lead to a pure d-wave symmetry. However, when we take into account the fact that in the optimum doping level is of the d-wave symmetry, it is sufficiently reasonable that the symmetry of in the underdoped region is close to the d-wave symmetry at least in the nodal direction.
In the above model, there are ranges for θ in which the DOS at the chemical potential is absent. In these ranges, extra energy is needed for holes to be itinerant. In other words, the present model implies that, in the underdoped region, the carriers outside the Fermi arcs need extra energy to be itinerant. Then, it is thought that the background structure in Figs. 4(a) and 4(b) is related with such holes, and their distribution is significantly inhomogeneous, reflecting the pseudogap. The energy scale for this excitation is expected to be of the same order of 2 and is thought to constitute the pseudogap. [27] [28] [29] When the doping is increased, the θ range for the semiconducting transport is reduced and the pseudogap becomes less pronounced. In this sense, the pseudogap is, therefore, a k-dependent semiconducting energy gap and is likely to have a symmetry similar to a d wave.
27,34
B. Quasiparticle I-V characteristics and the pseudogap
In the following, we calculate the quasiparticle I -V characteristics based on the above model, in which (k) is inhomogeneous in k space as depicted in Figs. 5(b) and 5(c). Here, it is sufficient for us to consider the θ range of 0∼π/4 because of the four-fold symmetry of the d-wave order parameter. For the numerical calculation, it is assumed that the superconducting gap (k) = SG (θ ) spans from θ 0 to π/4 (the same range spanned by the Fermi arc) and the semiconducting pseudogap (k) = PG (θ ) spans from 0 to θ 0 as expressed by
PG (θ ) = r 0 cos 2θ (0 < θ < θ 0 ).
For the π/4 < θ < π/2 region, SG and PG have the symmetric gap structure and the rest are the repetitions. It is assumed that PG (θ ) has the d-wave symmetry and its magnitude is larger than SG (θ ) by a factor of r, where r is a parameter. The experimental results indicate that r can be larger than 1.0. 27, 35 As for the superconducting region (θ 0 < θ < π/4) the DOS N s (E) has the form
where N(0) is the DOS at the chemical potential in the normal state and is the quasiparticle relaxation time placed in the part. 36 For the pseudogap DOS in the 0 < θ < θ 0 region, we simply adopted a smoothed two-dimensional free electron case, as expressed by
In addition, it is also assumed that the DOS has an angular dependence similar to the one seen in the two-dimensional tight binding model. In the present case, we use the formalism incorporated by Ozyuzer and coworkers:
where α is a parameter. Finally, we adopted the coherent tunneling model, 22 where the k components in the a-b plane are conserved, by taking into account the special case for the IJJs in which coherent tunneling takes place as it is likewise in a single crystal. a parameter. It is readily seen that as the doping decreases (θ 0 increases, β increases); that is, as the length of the Fermi arc is reduced, the superconducting gap structure gradually diminishes and finally disappears by changing into a simple semiconducting gap structure. This behavior associated with doping is in good qualitative agreement with the experimental results.
The change brought about by doping is more clearly seen in the dI/dV -V characteristics in Fig. 6(b) . As the doping decreases (β increases), the superconducting peak height decreases and shifts to lower energies. (This is because we set 0 constant and did not take into account its doping dependence. 0 actually increases with decreasing p.) Accompanying this change, a dip and hump structure shows up and, when β exceeds 0.3, the hump structure dominates the whole tunneling structure, which nearly corresponds to Figs. 4(a) and 4(b) . There remain some discrepancies between the numerical results and the experimental results in the details of the characteristics, such as the shape of the hump structure. However, the qualitative agreement between Figs. 4 and 6 is sufficient to envisage this strongly k-dependent order parameter as a model to interpret the tunneling spectra and its evolution with doping in the Bi-2212 system. The numerical results are consistent with the significant doping dependence of J c .
In the scanning tunneling spectroscopy (STS) measurements, 24, 35, 38 the tunneling occurs between the normal metal and a BSCCO crystal in the c axis direction. In this case, the tunneling spectra reflect the averaged quasiparticle DOS; that is, they exhibit both the superconducting peak and the semiconducting peak. By assuming a simple DOS for the semiconducting gap with the d-wave symmetry, such tunneling spectra can be calculated numerically. 39 The result is qualitatively consistent with the experimental results, 38, 40 in which a coherence peak shifts toward higher energies and a pronounced pseudogap evolves with decreasing doping. The numerical result also gives a small cusp at a lower energy, which is also seen in the present experimental results.
C. Doping dependence of superfluid density
Since the IJJs are crystal structure itself, the IJJ characteristics represent the bulk properties of the Bi-2212 system. In this sense, the estimation of J c through the IJJ provides a means to evaluate the magnitude of the superfluid density as is explained in the following.
The superfluid density ρ s and its doping dependence in HTSCs have been estimated experimentally by several methods. These methods include measurements of μSR, 7, 8, 41 ac susceptibility, 42 lower critical field, 43 kinetic inductance, [44] [45] [46] surface impedance, 47 electron spin resonance (ESR), 48 and electronic specific heat. 49, 50 The optical plasma frequency ω p was also used to estimate ρ s based on the common analytical expression between ω p and the London penetration depth λ L . 51 These methods are essentially based on the London model and provide relatively good estimates at least when the doping level is near the optimum or higher. The present method utilizing the IJJs can be regarded as another method to probe into the behavior of ρ s in HTSCs, although the number of materials to which this method can be applied is limited.
In the Lawrence-Doniach (LD) model, 51, 52 in the framework of which a stack of IJJs is reasonably represented, J c is proportional to λ c as described by
where λ c is the penetration depth when the magnetic field is in the ab plane and d is the separation of adjacent layers. It was shown that the anisotropy of (λ c /λ ab ) 2 is nearly equal to ρ c /ρ ab , where λ ab is the magnetic penetration depth with the magnetic field along the c axis and ρ ab is the resistivity in the ab plane. [53] [54] [55] [56] Therefore, it is reasonable to think that J c of IJJs reflects the superfluid density ρ s in the Bi-2212 system. This implies that ρ s changes as significantly as the experimental J c , which decreases almost exponentially when p decreases from p = 0.20 to 0.09.
The doping dependence of ρ s in HTSCs has been measured for YBa 2 Cu 3 O 7−y (YBCO), 45, 47, 48, 50 La 2−x Sr x CuO 4 (LSCO), 44, 49, 50 and Bi-2212 systems. 50 The measurements of ρ s in the underdoped region is sparse. This is mainly due to the difficulty in these measurements for underdoped specimens. For example, the μSR measurement is usually accompanied by difficulties due to contamination from the λ c component or from magnetic moments which arise increasingly at underdoping levels, or from increasing degradation of flux line lattices at underdoping levels. 57 The method employing the electronic specific heat becomes much more difficult because the fraction of a change in the electronic specific heat decreases significantly at low doping levels and its separation from the background of the lattice specific heat becomes extremely difficult. Therefore, the method of measuring the kinetic inductance or the lower critical field was employed in the measurement of the doping dependence of ρ s down to p ∼ 0.05. 45, 47 In YBCO, ρ s changes by a factor of ∼300 when p decreases from 0.2 to 0.054. In the case of LSCO, it was reported that ρ s changes by a factor of 6.5 when p decreases from 0.24 to 0.07 based on the ac susceptibility and μSR measurements. 49 Compared with these results, ρ s for the Bi-2212 system in the present study based on the LD model changes by a factor of 54 when p decreases from 0.2 to 0.09. 45 We compare the present result with that of YBCO. Then, it turns out that ρ s for the Bi-2212 system in the present study decreases by a factor of 12 when p decreases from 0.16 to 0.09 at a much faster rate by a factor of 3 to 4 than in YBCO, where ρ s decreases by a factor of ∼3.5 when p decreases from 0.16 to 0.09. 45 As for the reason for this rapid decrease in ρ s , it should be first pointed out that the Fermi arcs exist in the underdoped Bi-2212 system, and the combination of the Fermi arcs and the d-wave superconducting order parameter causes the rapid decrease in ρ s by a factor of more than 10. Although this value basically explains the significant decrease of ρ s , it also implies that such a mechanism by itself may not be sufficient to explain the whole behavior of doping-dependent ρ s . It is worth mentioning that the c-axis tunneling is k dependent and is the largest at (π,0) and decreases toward the line node (π,π), where the tunneling probability becomes null. 58 If we further combine this mechanism with the d-wave and Fermi arc model, the significant decrease in J c in Fig. 5(a) is quite explicable in terms of the present model.
Finally, an inhomogeneous (r) in real space should be addressed. The STS results on the gap magnitude map 24, 40, 59 indicate that there are domains of various gap magnitudes. In the underdoped samples, a large proportion of domains are characterized by a broad peak centered at greater than 50 meV, which corresponds to the pseudogap. The domains of a sharp peak centered at less than 40 meV are sparse. These domains probably corresponds to the superconducting gap. The ratio of these two domains is approximately 0.05 to 0.1. 24 This value appears to be consistent the result in Fig. 5 . However, if we consider extending the range of the superfluid, the size of superconducting domains, which ranges from 2 to 5 nm, is too small. Therefore, it is rather difficult to interpret the maps as the distribution of itself in real space. In the case of k-dependent (k), the tunneling probability varies from point to point unless the measurement point is commensurate. This implies that the superfluid density is homogeneous in real space, but the map appears mosaic in real space. This argument is partly related with the Fourier transform of the real-space map, where an ordered pattern was observed in k space. 60 When the doping level is reduced, the length of the Fermi arc decreases; namely, the range of k vectors for itinerant carriers is significantly reduced. In this situation, carriers are subject to the influence of crystalline imperfections and disorders, which can lead to local extinction of superconductivity. This is probable in underdoped Bi-2212, in which crystal imperfections are caused by atomic substitution. This gives rise to inhomogeneity in real space as a secondary effect.
V. CONCLUSIONS
We measured the interlayer tunneling spectra of the IJJs in the Bi-2212 system and found that the superconducting coherence peak evolves significantly as the doping level increases. Associated with the evolution of the superconducting peak, the pseudogap structure, which is prominent at low doping levels, gradually diminishes and almost disappears at overdoped levels. It is also found that J c decreases by almost two orders of magnitude when the doping level was decreased from p = 0.20 to 0.09. This implies that the superfluid density is significantly reduced by nearly the same amount as the doping level is reduced. In order to interpret these behaviors, we have proposed a model, in which the superconducting order parameter is inhomogeneous in k space. This inhomogeneity is due to the Fermi arcs in the underdoped region when they are combined with the d-wave superconducting order parameter. This model explains qualitatively the significant decrease in the superfluid density. Based on this phenomenological model, the quasiparticle current-voltage characteristics are numerically calculated, giving a qualitatively good agreement.
